Background: Nonbehavioral methods for identifying cisplatin ototoxicity are important for testing patients with cancer who become too tired or sick to provide a reliable response. The auditory brainstem response (ABR) is a nonbehavioral test that is sensitive to ototoxicity but can be time consuming to implement over a range of frequencies and/or levels. To address this issue, trains of stimuli were developed that offer reliable ABR testing over a range of tone-burst frequencies and levels at a time savings of 77% relative to tone-burst stimuli presented individually. The clinical accuracy of this new method has yet to be determined on a clinical population.
INTRODUCTION
C isplatin, a potent chemotherapeutic agent, results in hearing shift in .50% of patients and new tinnitus in nearly 40% (Dille et al, 2010a (Dille et al, ,2012 Reavis et al, 2008) . Animal models using rodent species have shown that the primary result of cisplatin ototoxicity is damage to the stria vascularis and destruction of outer hair cells within the cochlea in a base (high-frequency coded) to apex (low-frequency coded) progression with each treatment (Schweitzer, 1993; Laurell et al, 2000; Riedemann et al, 2008; Arora et al, 2009; Hellberg et al, 2009 ). The action of cisplatin, although largely unknown, is presumed to be an induction of apoptosis likely associated with oxidative stress (Schweitzer, 1993; Alam et al, 2000; Rybak, 2007; Hellberg et al, 2009) .
Ototoxic hearing shifts that occur in the speech frequency range can have significant effects on communication and, in the case of children, the development of speech and language. Fausti and colleagues (1999) have shown that monitoring at the high-frequency limit of hearing provides the earliest detection of ototoxicity, consistent with the systematic progression of cochlear damage from base to apex found in animal models. This work led to the development of a screening method called the sensitive range for ototoxicity (SRO) , that targets a one-octave, individualized range of frequencies, which when monitored reveals 94% of initial ototoxic shifts among cisplatin-treated patients (Fausti et al, 1999) . An advantage of this screening method is that monitoring hearing in the SRO reduces testing time by two thirds in comparison to full-frequency threshold testing. However, z30% of patients become too ill to provide reliable hearing thresholds because of chemotherapeutic adverse effects during treatment (Fausti et al, 1991a) . Because accurate, early detection of hearing shifts and subsequent changes in the treatment regimen represent the only current means of limiting ototoxic damage, these patients may be at greater risk for disabling hearing loss from cisplatin. Objective techniques such as the auditory brainstem response (ABR) test seem ideally suited for ototoxicity monitoring. However, the challenges in using the ABR for monitoring are threefold. The response must be robust and sensitive to hearing shift, and the procedure must be time efficient.
Standard-click ABRs are robust but best approximate hearing thresholds in the region of 2-4 kHz. Using a 100 dB peSPL click on nine participants with normal hearing in the conventional range of hearing (1.25-8 kHz), De Lauretis et al (1999) compared wave V latency change to behavioral threshold shift at intervals of every two cycles of cisplatin chemotherapy. To relate ABR findings with behavioral threshold shifts .10 dB, an ABR latency change of $0.4 msec plus 2 standard deviations from the mean individual response was considered significant. Two participants had significant wave V shifts and prolonged I-V intervals after two cycles of cisplatin (220-240 mg), although hearing in the conventional range did not shift significantly until five to six cisplatin cycles had been administered. The other seven participants had unchanged hearing and no ABR changes. Similarly, Maiese et al (1992) monitored six participants receiving cisplatin for single-sided brain tumors using click ABR adjusted to moderate levels (65 dB SL re: wave V threshold), in the absence of hearing measures. Instead, participants were asked to report a subjective hearing change. One participant with significant wave V prolongation ($0.3 msec) after seven cycles of cisplatin did not report any hearing changes. A second participant who reported hearing change in both ears during treatment had an increase in response threshold as well as wave V prolongation. There were no ABR changes and hearing changes in the other four participants. Both sets of authors concluded that ABR held promise as a monitoring protocol. However, the lack of pattern between ABR changes and hearing changes casts doubt on this conclusion.
The modest success of these findings has fueled other investigations using more sensitive stimuli. Although tone-burst stimuli or a derived-band ABR technique (Coupland et al, 1991) provide better frequency specificity, it is generally done at a cost of less robust responses. Importantly, less robust responses may have negative consequences for those patients entering treatment with significant hearing loss, such as veterans. Fausti and colleagues (Fausti et al, 1991a (Fausti et al, , 1991b (Fausti et al, , 1992 (Fausti et al, , 1993 Henry et al, 2000; Mitchell et al, 2004 ) conducted a series of preliminary studies to establish that frequency-specific stimuli in the extended frequency range (8-14 kHz) could provide robust and reliable ABR responses. Using healthy normal-hearing listeners, they established that toneburst-and-click ABRs provided similar intrasubject reliability (Fausti et al, 1991a,b) . However, they noted that far fewer responses were obtained above 10 kHz. Using 34 participants (61 ears) who were veterans undergoing treatment with ototoxic antibiotics or chemotherapeutic medications, Fausti et al (1992) examined the relationship among behavioral hearing results at each treatment interval, and tone-burst (8, 10, 12, or 14 kHz) and click ABR. An ototoxic-related hearing shift was defined as 1) $20 dB change at one frequency; 2) $10 dB change at two or more consecutively-tested frequencies; or 3) loss of response at three consecutively-tested frequencies (ASHA, 1994) . A significant ABR shift was established from previous normative research (Fausti et al, 1991a) as 1) wave V latency $0.3 msec or 2) a morphological change that resulted in an unscorable response. In half of ears (31 ears; 50.8%), a significant shift in hearing occurred during treatment. Of that group, 28 ears had the initial hearing shift at $8 kHz, whereas only 3 ears had a shift #6 kHz. More than 96% (27/28 ears) of these hearing shifts were also identified using tone-burst ABR, whereas only 4% of ears were identified using click ABR. The most frequent change in the tone-burst ABR was a loss of response rather than a criterion shift in latency. The authors concluded that testing at the high-frequency limit of the ABR held considerable promise.
However, tone-burst ABR requires testing at multiple frequencies and levels, which is too time consuming for severely ill veterans undergoing cancer treatment. Therefore, Henry et al (2000) compared tone-burst ABR using the traditional latency-intensity series to newly developed trains of 20 tone-burst stimuli composed of multiple frequencies and levels using young, normal-hearing adult participants. The trains contained four conventional test frequencies (1, 2, 4, and 8 kHz) at five levels (96, 86, 76, 66, and 56 dB peSPL) . The single tone-burst repetition rate was slow (17.2/ sec). The repetition rate of each train was 3.7/sec, although the stimulus presentation rate within each train was rapid (74/sec). To minimize the potential effects of adaptation, the train design featured tonebursts that were 1) progressively higher in frequency and higher in presentation level, and 2) separated by one octave from the next burst frequency. Further, each train (of 20 stimuli) was followed by 150 msec of silence. Using this innovative testing procedure, they found only two instances of amplitude or latency differences between the two methods. Importantly, they realized a 77% reduction in testing time by using trains over singly presented tone bursts.
To determine if this methodology could be used for high-frequency testing with the same success as testing in the conventional range, Mitchell et al (2004) compared ABR responses obtained from 1) high-frequency clicks (8-14 kHz), 2) conventional clicks, 3) single tone bursts (8, 10, 12 , and 14 kHz), and 4) stimulus trains of multiple frequency and level tone bursts (8, 10, 12, and 14 kHz) using young adult participants with normal hearing. The main purpose of this comparison was to find those stimuli that were likely to result in a response. As long as the level of the stimulus exceeded 80 dB peSPL and the frequency was 12 kHz or lower, the manner of stimulus presentation (singly or in trains) did not significantly affect the percentage of scorable ABR responses. Further, they found no false-positive results (i.e., spurious response changes). However, trains of stimuli resulted in systematically longer latency and lower-amplitude ABRs, although test-time efficiency was improved by 40% using a five-stimuli train (five intensities; one frequency) and by 65% using the 15 stimulus train (three intensities; five frequencies) when compared to single tone-burst ABR testing.
The knowledge gained from these developmental studies provides the basis for this report. Building on these projects, test performance of two types of rapidly presented stimulus trains: a frequency train (holding level relatively constant while varying frequency) and an intensity train (holding frequency constant while varying level) was examined. Additionally, we recently developed and validated a cisplatin dose risk assessment model based on two pieces of information obtained at the pretreatment assessment: hearing threshold severity and planned cisplatin dose (Reavis et al, 2008; Dille et al, 2012) . When used alone or in combination with information about test-retest changes in distortion-product otoacoustic emissions (DPOAE), these two factors can be used to predict, with relative precision, which patients will experience ototoxic hearing shift and when that shift will likely occur. The purpose of the present study is to report on the accuracy of these ABR-trained stimuli when testing veterans treated with cisplatin for various cancers, and to evaluate improvements in test performance achieved by including our previously developed dose-risk assessment model in the ABR prediction algorithm. The data used for this report were collected as a part of a larger project examining objective measures (ABR and DPOAE) for detection of ototoxicity. The findings from the DPOAE testing were reported previously (Dille et al, 2010b) .
METHODS

Multiple-Frequency Tone-Burst Stimulus
Six individual multiple-frequency tone-burst (MFTB) stimuli varying in frequency and level were created for use in the stimulus trains. Each of the six MFTB stimuli had an overall bandwidth of 1/2 octave and was composed of seven pure-tone frequencies spaced in 1/12 octave steps around the center frequencies of 2, 2.8, 4, 5.6, 8, and 11.3 kHz. The digitally created tones were rapidly gated and phase shifted to precisely control the peak amplitude of the complex. Specific characteristics of an individual MFTB are shown in Figure 1A -D. A time-domain view of the 4 kHz MFTB stimulus, shown in Figure 1A , has a 2 msec period with 0.5 msec rise and 1.5 msec fall times. This asymmetrical shape with a rapid stimulus rise was designed to improve the amplitude of the ABR response while maintaining frequency specificity. Each component of an MFTB was digitally shifted in latency relative to the center frequency so that the peak amplitude of the complex could be predicted and then summed to create the composite waveform. Each composite MFTB was then shifted to the presentation starting point relative to other MFTBs and smoothly gated using a Nuttall-type windowing function (Fig. 1B) . (See Ellingson et al, 2008 for additional technical details of MFTB creation algorithm.) The frequency spectrogram of a MFTB as well as the interstimuli interval (24 msec, including response processing time) between individual MFTB when contained in trains of stimuli is shown in Figure 1C -D, respectively. The polarity of the MFTB is specifiable as rarefaction or condensation.
The real-time waveform of a frequency train, shown in Figure 1E , was configured with six MFTB stimuli at center frequencies ranging from 2-11.3 kHz in 1/2 octave steps each presented at two levels (95 and 105 dB peSPL). The frequency train played for 288 msec and was repeated every 389 msec for a trigger pulse rate of 2.57/sec. A spectrogram for the frequency train is shown in Figure 1F , which displays the real-time frequency and level distribution of the trained stimuli. The configuration of the frequencies in the frequency train was developed to minimize auditory adaptation.
The real-time waveform of a 4 kHz intensity train is shown in Figure 1G . This train consists of five 4 kHz MFTB stimuli stepped in level from 65-105 dB peSPL in 10 dB increments. Separate intensity trains were created for each of the six center frequencies comprising the frequency train. An intensity train took 120 msec to complete and was repeated every 220 msec, yielding a trigger rate of 4.54/sec.
Instrumentation
All stimuli and stimulus trains were digitally synthesized and controlled using a custom stimulus generation and response acquisition system. The components of the personal-computer-based system consisted of (a) a dynamic signal analyzer (NI4551; National Instruments, Austin, TX); (b) programmable attenuator (PA4; Tucker Davis Technologies [TDT], Alachua, FL); headphoneamplifier buffer (HB4; TDT); biologic amplifier (DB4; TDT); and (c) custom-designed stimulus generation, electroencephalographic acquisition, and ABR scoring software. The dynamic signal analyzer was an internal personal computer card with dual-channel, precision digital-to-analog, and analog-to-digital converters with 16 bit resolution and 48 kHz simultaneous sampling. The signal analyzer operated as a signal-averaging instrument with one output channel to generate the stimulus, and a second channel to provide a synchronization trigger pulse with 1 msec delay relative to the stimulus onset of the biologic amplifier. The programmable attenuator adjusted the overall stimulus level. Stimuli were presented through an earphone (ER4B, Etymotic Research, Elk Grove Village, IL) driven by the headphone buffer. The biologic amplifier had an internal 1 msec processing delay, and the signal analyzer had an internal 33 msec sample delay; both were accounted for in the custom acquisition software application.
The ABR system was acoustically calibrated annually using a commercial coupler (4157; Bruel & Kjaer [B&K] ) with a microphone preamplifier (2669; B&K), signal conditioning amplifier (2690; B&K), and soundlevel meter (2231; B&K). The broadband noise signal output of another dynamic signal analyzer (SR780; Stanford Research Systems, Sunnyvale, CA) was fed to the input of the headphone buffer amplifier, reproduced by the earphone, and recorded on the analyzer. Using this peak acoustical level as a reference, the relative level of each of the 42 MFTB component frequencies making up the six different center frequency MFTB stimuli was determined. The difference between the level of the reference peak on the signal analyzer, and the corresponding relative levels of the pure-tone frequencies at each of the 42 MFTB component frequencies, was stored in the stimulus generation program. The final MFTB stimulus train presentation level was set by establishing a calibrated 1 kHz peak reference level on a digital oscilloscope (TDS420A; Tektronix, Beaverton, OR) using an acoustic calibrator (4230; B&K). Using peak equivalent sound pressure level (peSPL) calibration methods, the attenuator was adjusted until the desired acoustical presentation level was obtained. Level verification of the stimuli occurred twice monthly in the coupler.
Hearing thresholds were acquired for stimuli delivered using the Virtual 320 clinical audiometer (Virtual Corporation) through Koss Pro/43 Plus earphones, modified to improve signal-to-noise ratio for high-frequency testing as described by Fausti et al (1990) . Full calibration (ANSI S3.6-2010; of the audiometer occurred annually. In addition, intensity verification occurred twice monthly using a platform and silicone rubber coupler to tightly house the measuring condenser microphone (4134; B&K), using procedures described by Fausti et al (1979) .
Participants
Participants receiving cisplatin for the treatment of cancer were recruited from the Chemotherapy Unit of the Portland VA Medical Center. A list of patients prescribed chemotherapy was generated daily from the Chemotherapy Unit appointment list; this list was used to identify potential participants. Inclusion criteria were (a) cognitively and physically able to participate; (b) able to provide reliable (65 dB) behavioral responses at baseline; (c) hearing no worse than 70 dB HL #4 kHz; (d) no active or recent history of middle ear disorder, Menière's disease, or retrocochlear disorder; (e) normal otoscopic and tympanometric findings; and (f) the willingness to participate in the study. All participants were men, were consented to participate in the study following the guidelines of the medical center's institutional review board, and were compensated for their time.
Testing
All testing, typically during the hydration portion of treatment, was done in a sound suite at the NCRAR by the same experienced audiologist. The baseline evaluation was performed within 24 hr of the initial chemotherapeutic treatment, typically just before infusion. Monitoring sessions were completed within 24 h of each subsequent treatment and at 1 mo after cessation of treatment. The total number of patient visits (PVs) and intervals between visits varied across participants because treatment regimens depended on cancer type, location and stage, patient health, and other medical factors.
Ototoxic hearing shift was determined by serial puretone threshold testing. Participants completed a battery of tests at the baseline session and during each follow-up visit that included otoscopy, tympanometry, and conventional (2-8 kHz) and extended frequency (9-20 kHz) audiometry. Bilateral behavioral thresholds were obtained using the modified Hughson-Westlake technique (Carhart and Jerger, 1959) . After completion of threshold testing, the individualized behavioral sensitive range for ototoxicity, SRO BEH , was identified for each ear. The upper bound of the SRO BEH was defined as the highest frequency at which a threshold of #100 dB SPL could be measured. The next adjacent six lower frequencies with thresholds ,100 dB SPL, measured in 1/6-octave steps, were then obtained. To determine if thresholds were reliable, all testing was repeated at all frequencies after replacing the earphones. Only the SRO BEH was tested at each monitoring visit. If hearing change was noted, then full-frequency (2-20 kHz) testing was done to search for any additional frequencies with hearing change. Behavioral hearing change was assessed relative to thresholds measured at the baseline visit. The determination of a significant hearing change was based on clinical guidelines (ASHA, 1994) and included (a) $20 dB change at any test frequency, (b) $10 dB change at any two consecutive test frequencies, or (c) loss of response at three consecutive test frequencies where responses were previously obtained. Tympanometry was considered normal if compliance ranged 0.2-1.8 cm 3 and peak pressure ranged within 2150 to 1100 daPa.
Out of time considerations, ABR testing was done in one ear only chosen either as the better hearing ear or, in the case of symmetric hearing, by coin toss. Each participant was seated in a comfortable reclining chair within the sound suite. After preparing the skin, disposable electrodes (Norotode 20 Ag/AgCl, Myotronics Inc., Kent, WA) were affixed to the skin surface using the 10-20 system of electrode placement. Electrode impedance of #3 kΩ were targeted; however, if this impedance was not attainable after three attempts, testing began. Each participant was encouraged to relax and to sleep, if possible. The response was acquired using a two-channel recording with the noninverting electrode at Fz, inverting at each mastoid and ground at Fpz. The contralateral recording was used to verify the presence of waveforms, if necessary. Biologic signals were bandpass filtered at 30-3000 Hz with the biologic amplifier gain adjusted to the highest gain possible (typically 300,000-400,000) with a rejection rate of 10%. Averaging continued until 1000 artifact-free sweeps were obtained. Each response was replicated at each stimulus frequency and intensity condition.
Rarefaction and condensation standard clicks were used at the baseline session to determine the polarity that resulted in a response that had the clearest waveform morphology and highest amplitude wave V response. This "best" polarity was then used for all subsequent testing. The frequency train incorporating six MFTB stimuli was used at the baseline session to determine the highest octave (in 1/2 octave steps) that resulted in a reproducible wave V response, at 105 dB peSPL and at least one additional lower intensity level, typically 95 dB. The top frequency (F1) was chosen if the response was reliably obtained at both intensity levels across two independent runs. The only exception was in the instance when hearing was very poor. In this instance, if a reliable wave V was obtained at only one level, typically 105 dB peSPL, at 2.8 kHz and a reliably wave V response was obtained at the lowest available tone-burst frequency, 2 kHz, at more than one level, both frequencies were monitored. Intensity trains at both highest half-octave frequencies were then used to collect the ABR at five intensities (65-105 dB peSPL) in 10 dB steps. Each frequency and intensity train was replicated and summed resulting in grand averages of 2000 ABR runs at each frequency and level. Subsequent (monitoring) testing was done at each treatment interval and included only intensity trains from the two highest frequencies (F1 and F2) established at baseline.
The same experienced audiologist scored all available response waveforms for latency and amplitude. Other waves (I, III) were also scored, if present. Amplitude was measured from the peak of the response to the following trough in nanovolts. Because the stimulus artifact was present at the highest intensity level, latency was measured from the peak stimulus artifact to the peak response of wave V. At lower intensity levels (,105 dB peSPL) without stimulus artifact, the wave V was scored relative to the wave V response established at the highest level. Peak wave V latency measured from the peak of the stimulus artifact ranged from 7-10 msec, depending on test frequency. Each participant acted as his own control such that latency and amplitude measures obtained at each treatment interval were compared for change with the measures obtained at baseline. Scorable ABRs were generally limited to the highest two intensities tested (105, 95 dB peSPL); therefore, most of the analyses presented concern those levels.
Data Analysis
Briefly, a set of discriminant (scoring) functions were derived using logistic regression to model the risk for cisplatin-induced hearing change within the SRO BEH . Independent variables were one of several ABR metrics alone each combined with a dose ototoxicity risk assessment model. Receiver operating characteristic curve analysis was used to evaluate and compare the test performance of these scoring functions. Details of the data analyses are described below.
Following our previous work, a scoring function was developed, denoted R ij for the i th PV on the j th patient, that best distinguishes PVs with a behavioral hearing change from those without a hearing change. In this analysis, the scoring function was defined as
where M ij is an ABR measurement such as, change in latency, taken on the j th participant during the i th PV, and W M is the weight assigned to the metric. DO ij (dose ototoxicity) is the log odds on hearing change of the j th participant at the i th PV conditional on pretreatment hearing and cumulative dose of cisplatin, and W DO is the weight assigned to that effect. DO was defined as DO ij 5 À0:24 1 0:84 : L ij À 1:28 : Bj À 1:04 : Bj :
B j is the standardized, pretreatment SRO BEH average pure-tone threshold for the j th participant, and L is the standardized log cumulative cisplatin dose in milligrams. A univariate scoring function has W DO 5 0 and W M 5 1 so that identification of hearing change lay solely with the metric M under consideration. This contrasts with a multivariate scoring function where both the Dose Ototoxicity component and the metric under consideration contribute to the scoring function so that W DO Þ 0 and W M Þ 0.
Recall that ABRs were collected at each treatment interval using a pair of intensity trains at the two highest MFTB frequencies tested that generated a robust response at baseline. Candidate metrics were indexed by frequency (F1, F2) and level (95, 105 in dBSPL). Frequency 1 (range, 11.3-2 kHz) refers to an intensity train with the highest relative center frequency; Frequency 2 (range, 8-2 kHz) was the train corresponding to the lower relative center frequency. For each frequency by level combination, change in latency (CLat), change in amplitude (CAmp), and loss of ABR response (LoR) were considered. Also considered were summary metrics that involved changes at any stimulus frequency and level combination tested. These were any change in latency .0.3 msec (LatInc) and any loss of ABR response (AnyLoss). The change measures were defined as the monitoring value minus the baseline value. The change in amplitude measures were multiplied by 21 so that larger values (as opposed to smaller values) on all metrics would be associated with hearing change (Dille et al, 2010b) . Both univariate and multivariate scoring functions were defined for each candidate metric. Throughout the analysis, the weights (W) were established using logistic regression.
Scoring functions were compared using the area under the receiver operating characteristic curve (AUC). The AUC is an estimate of the average true positive rate over the domain of false positive rates (Pepe, 2003) . A higher AUC is associated with a more accurate method that correctly identifies hearing change with relatively few false positives. The AUC was estimated using an analog to the Wilcoxon-Mann-Whitney U-statistic (Hanley and McNeil, 1982; Obuchowski, 1997) . We anticipated that the ABR measurements taken on a participant over the course of ototoxicity monitoring would be correlated. Estimates of the AUC under these circumstances that are based on the U-statistic are correct, but the standard error of the estimated AUC is incorrect, motivating the use of the nonparametric estimator suggested by Obuchowski (1997) . AUC and standard errors for each candidate metric were estimated using LeaveOne-Out Cross Validation, with participants (as opposed to PVs) constituting the held-out unit. This methodology mirrors our earlier work on DPOAEs in the same sample (Dille et al, 2010b) .
For a variety of reasons, the ABR measurement was prone to missing data. It was important to describe how these affected the evaluation of ABR methods for ototoxicity monitoring and, therefore, how missing data can affect clinical usefulness. A clinically useful ototoxicity monitoring procedure has to be accurate with relatively few inconclusive results. Accuracy, measured using the AUC, was defined above. Inconclusive results occur when measurement attempts fail. Failed measurements decrease the clinical usefulness of an ototoxicity monitoring method because they yield no relevant information.
In the current study, ABR measurement failure rate occurred primarily because of a tester-related problem (e.g., equipment issue) or poor ABR waveform morphology yielding an unscorable response. Furthermore, at times, participants could not be tested (CNT) because of extenuating circumstances such as chemotherapeuticrelated illness. A session resulting in CNT was always a measurement failure because the participant was unable to be tested despite the best efforts of the tester. However, those missed sessions in which no measurement (DNT) was obtained were not counted as a measurement failure because, in theory, the session could have been completed. The final reason for a failed measurement was an absent ABR metric. In this circumstance, ABR metrics could not be extracted for analysis. These instances were scored as NR (no response). Whether NR was a measurement failure depended on the metric under consideration and the session in which the NR occurred. During baseline visits, NR was always a measurement failure because it did not permit evaluation of change in latency or amplitude at that frequency by level combination at subsequent monitor visits. During a monitoring visit, NR also failed to provide certain metrics from which to compare the response obtained at baseline. However, in this instance, NR was not a measurement failure but, rather, a true loss of the ABR response. Using this rationale to proceed, measurement failure rates for each metric were computed.
The analytic goal was to select the ABR metric that (1) achieved the highest accuracy for correctly identifying hearing as changed or not changed (based on the cross-validated AUC), and (2) provided the most data with the smallest measurement failure rate. To this end, the AUC was plotted against measurement failure rate. The optimal ABR ototoxicity-monitoring method was defined as the scoring function with the smallest measurement failure rate that was within one standard error of the AUC obtained from the most accurate metric. This application of the "one standard error rule" selects the method with smallest risk for inconclusive results and test performance that is statistically similar to the most accurate method (Hastie et al, 2009) .
RESULTS
T able 1 shows characteristics of the 22 participants included in this study and the number of visits that were included in the analysis. The participants provided a total of 71 monitoring appointments during treatment with cisplatin. The average number of monitoring visits was 3.2 (range, 1-13 visits). Thirty-one (43.7%) of these appointments resulted in an ASHAcriterion hearing change. Mean age of the participants was 62.4 yr (age range, 51-79 yr). Most participants had head and neck cancers (n 5 14; 63.6%) followed by lung cancer (n 5 6; 27.3%).
Figures 2-3 show a representative example of results obtained from an enrolled participant tested during chemotherapeutic treatment at the baseline (initial) visit. Figure 2 shows the ABR response obtained from a frequency train in which MFTB stimuli vary in their center frequency (11.3-2 kHz) and were presented at 105 and 95 dB peSPL. Amplitude (in microvolts) is shown as a function of time (in milliseconds) with frequency as the parameter. Shown under each frequency label is the behavioral hearing threshold (in dB SPL) at the same or near the center frequency of the MFTB obtained in the same testing session. For this participant, the top two MFTB frequencies at which an ABR response was reliably obtained at both intensity levels were 8 and 5.6 kHz. Note also the progression of latency increase as center frequency decreased. Figure 3 shows the ABR results obtained in the same testing session using intensity trains chosen from the top two frequencies identified from the frequency train results. For this participant, wave V was reliably obtained at the highest two intensities using the 8 kHz intensity train, whereas both waves III and V were apparent at the top three levels using the 5.6 kHz intensity train. As can be seen, with each reduction in stimulus level, the response latency migrated out in time as would be expected. Figure 4 illustrates change in the ABR response on a participant who experienced ototoxicity during treatment. Using intensity trains at each treatment interval, the ABR response was compared to the baseline test result for change in latency, amplitude, and the presence of the response. At the top frequency (5.6 kHz), wave V latency increased by 0.5 msec at both intensity levels compared to the baseline findings. Wave V at 4 kHz during the monitor visit was present with stable latency at 95 and 105 dB peSPL but was absent to at the next lower stimulus level (85 dB peSPL). This participant's hearing had changed since baseline. An ASHA-significant hearing shift was found in the test ear of 110 dB at 9, 10, and 11.3 kHz at a cumulative cisplatin dose of 190 mg. No further testing was done because cisplatin chemotherapy treatment was suspended. Table 2 shows each of the candidate ABR wave V metrics [e.g., 95 change in latency 1(CLat1/95)] considered in this analysis, along with mean values for PVs with and without an ASHA-criterion hearing change. Other potential waves (waves I and III) were not present often enough to be included in the analysis. The final column of Table 2 shows the measurement failure rate for each test. High failure rates occurred in more than half of the candidate metrics and were exceptionally high at Frequency 1/level 5 95 dB peSPL, the highest relative frequency. Furthermore, obtaining a response at the top two frequencies at both levels (105 and 95 dB peSPL) using a frequency train did not ensure that the response would also be present using the intensity train. A test that is inconclusive at more than half the time is not clinically useful, so failure rates $50% were not considered in the remaining analyses.
A potentially accurate ABR metric shows a high degree of separation between PVs with and without hearing change. Table 2 presents the candidate variables for both frequencies and all metrics of those frequencies. Note that the number of metrics increases as the test frequency changes from high (F1) to low (F2). Recall that at the baseline visit, F1 (highest center frequency) was selected only if a response was obtained at two intensity levels, typically 105 and 95 dB peSPL. Table 2 suggests that good candidates may be amplitude CAmp at F1/level 5 105 dB peSPL (mean among PVs with hearing change 5 8.43 nV; mean among PVs without hearing change 5 1.40 nV) and CAmp at F2/ level 5 105 dB peSPL (mean with hearing change 5 57.55 nV; mean without change 5 10.01 nV). Also, the percentage of PVs with any latency increase .0.3 msec was higher among PVs with hearing change (27%) than those without (3%). Table 2 also indicates a large difference in the loss of response metric for F2/level 5 105 dB peSPL. None of the PVs (0.0%) with a hearing change had a loss of response at this stimulus compared to 24% among PVs without an ASHA hearing change. This finding indicates a backward effect that ears without ASHA-criteria hearing change are more likely to lose ABR response at this stimulus. We believe that this is idiosyncratic because the results were generated by two participants during two monitoring appointments where they had no hearing change. Accordingly, this metric was ignored in subsequent analyses. . Wave V responses were obtained during the baseline test session just before cisplatin administration. Behavioral hearing thresholds (dB SPL) corresponding to MFTB center frequency used to obtain the ABR are shown in the center area. For this participant, the highest two frequencies with reliable responses at both intensity levels (105 and 95 dB peSPL) were determined to be 8 and 5.6 kHz.
Although Table 2 hints at the clinical usefulness of univariate ABR metrics, it does not indicate how multivariate scoring functions might compare. To maximize the clinical usefulness of an ABR-based ototoxicity monitoring method, the most accurate method that has the smallest measurement failure rate is required. To achieve this objective, the cross-validated AUC is plotted against the sample measurement failure rates in Fig The method with the highest overall accuracy was the multivariate scoring function using CAmp at F2/ level 5 105 dB peSPL (cross-validated AUC 5 0.82). This method also has a relatively high measurement failure rate of 26%. The AUC 61 standard error is indicated by the vertical bar at the multivariate CAmp at F2/level 5 105 dB peSPL point. According to the "one standard error rule," the most clinically useful scoring function is the one with the smallest measurement failure rate that is within the limits of the standard error bar. Thus, the preferred method is the multivariate scoring function of "AnyLoss" of response, which is statistically similar to the most accurate method but with considerably lower measurement failure rates (10%). This method is the optimal ABR ototoxicity monitoring method determined for this sample. DISCUSSION D etection of ototoxicity using objective measures such as the ABR is necessary because many patients become incapacitated at some point during treatment and cannot undergo the rigors of a hearing test. Having a test available that can act as a proxy for a hearing test and can be submitted to comfortably is an important tool in an audiologist's armamentarium because ototoxic hearing changes can be considered dose limiting. To be clinically useful, however, ototoxicity monitoring procedures must be robust, sensitive to hearing shift, and time efficient. This report examines the test performance of our previously developed trains of stimuli that offer rapid, reliable ABR testing of a range of tone-burst frequencies and levels. Unlike prior reports, here, we use statistical approaches rooted in clinical decision theory to assess the accuracy with which rapid ABR testing could determine whether hearing had changed, taking into account measurement failure rate (the inability to obtain a scorable ABR when testing was attempted, not including loss of response at a treatment visit).
We found that including our previously developed and validated cisplatin ototoxicity risk assessment model on the basis of pretreatment hearing thresholds and cumulative cisplatin dose (Reavis et al, 2008; Dille et al, 2012) improved prediction accuracy. Multivariate (ABR plus dose ototoxicity model) metrics accurately identified hearing shifts when scorable ABRs could be obtained, with best performing metrics achieving AUC values of .80%. This performance would be considered excellent for a clinical test that rivals the performance of DPOAE testing (Reavis et al, 2008; Dille et al, 2010b) . The clinical usefulness of ABR is somewhat more hampered than that of DPOAEs by a relatively high measurement failure rate. Depending on stimulus frequency and level and on the metric selected (amplitude, latency, and presence), the ABR measurement failure rate ranged from 10-52%. This finding was foreshadowed by others. Mitchell et al (2004) , using normal-hearing participants, measured 7-29% fewer ABR responses to trains of tone-burst stimuli when compared to singly presented tone bursts at the same frequency. Henry et al (2000) found that the ABR responses were always lower in amplitude when presented in trains. Both studies reported the potential for auditory adaptation apparent in the latency increases noted for trained stimuli when compared to singly presented stimuli. Consistent with our findings, Mitchell et al (2004) also obtained consistently fewer responses at low intensity levels (,80 dB peSPL). In comparison, only z10% of ears had to be excluded for a lack of Figure 4 . ABR test results and behavioral thresholds at 5.6 and 4 kHz on a participant seen at baseline (left column) and during a monitor (right column) visit using intensity train stimuli are shown. Comparing wave V latency at both intensity levels (105 and 95 dB peSPL) from baseline to monitor visit at 5.6 kHz, latency increased by 0.5 msec. At 4 kHz, wave V was absent at 85 dB peSPL at the monitoring visit, although latency did not significantly change (0.04-0.05 msec) at the highest two levels (95 and 105 dB). This participant also experienced a 10-15 dB ototoxicity hearing decrease at 8-11.2 kHz. Chemotherapeutic treatment was halted. Amplitude (in microvolts) is shown as a function of time (milliseconds).
DPOAEs at baseline among veterans participating in two prospective trials investigating the use of DPOAEs for detecting ototoxic-induced hearing shifts (Reavis et al, 2008; Reavis et al, 2011) . DPOAEs rarely were unscorable, perhaps because averaging was variable and continued until the noise floor was low. A similar approach is used in some automated ABR programs (Iwasaki et al, 2003) ; however, increased averaging time would slow testing.
Because a test sensitive to early detection should monitor at regions within the cochlea that are likely to change first, ABR testing was done near the high-frequency limit of the response. This trend implies that the ABR may be somewhat elusive at the highest frequency (F1). In fact, we did find that the failure rate at this frequency was much higher than at F2, but only at a lower level (95 dB peSPL). At a higher level (105 dB peSPL), the metrics were equivalent. Regardless, the measurement failure rate was unacceptably high at almost all levels and frequencies. It is hard to imagine that clinical decisions regarding change in chemotherapy regimen could be made using a metric that failed to provide a definitive indication of hearing shift at 20% or more of the time. Therefore, the DPOAE method may be preferable to the ABR method. On the other hand, it is possible that other methods for obtaining auditory brainstem measures quickly might perform better than our MTBF trains. For example, the auditory steady-state response has been used to obtain responses at multiple frequencies simultaneously (Hatton and Stapells, 2011) . High modulation rates produce auditory steady-state responses from the brainstem with favorable signal-tonoise ratios obtained more quickly than for analogous measures using tone-burst stimuli presented individually Burkard, 2010, 2012) . Note: ABR measurement failure rates are also noted (stimulus level in dB peSPL; latency in milliseconds, and amplitude in nanovolts). is shown compared to the multivariate method (filled circles). The multivariate method of scoring (ABR metrics 1 dose-ototoxicity model) has greater accuracy overall than the univariate method (ABR metrics alone). The preferred scoring method associated with the lowest measurement failure is "AnyLoss" of the ABR wave V response 1 dose-ototoxicity model.
